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1. INTRODUCTION

Heavy water of almost 100 per cent. purity has become an important material
as moderator-coolant for nuclear reactors. {ts occurtence in natural waters is
rather low,—0-0145 mol, per cent. being the normal approximate abundance
figure,>—which is equivalent to one part of Heavy Water in 6,900 parts of natural
water. Uptil now no natural source of higher conteni of heavy water has been
made known. Earlier investigations have indicated that practically all the natu-
rally occurring water sources in the world contain heavy watet of almost the same
average of 0-0140-0-0150 mol. per cent.® Somewhat higher content of heavy
water was found to occur in the waters of some glaciers, to the extent of an ave-
rage value of 0-0148,2 which is a very insignificant increase above the average
normal abundance figure, and which may probably be due to still solar evapora-
tion of some part of the ice.

In the course of this observation, it appeared worthwhile to search for such
enrichment processes as distillation, adsorption, evaporation, which may go on in
nature on a large-scale. Consequently an investigation in the existence of such
natural processes was made. In the course of such search for suitable processes,
we came across the solar evaporation of sea water, which is going on along with
marine salt production on a large scale, and which is a very common process in
many parts of the world, where solar heat is available in abundance and where
other conditions are suitable, for instance, along the coastal lines of India. This
process—it was assumed—should result in some enrichment of heavy water, sup-
posing the degree of evaporation would be sufficiently high to find such enrich-
ment appreciable.

2. INVESTIGATION IN NATURAL ENRICHMENT PROCESS

In the more detailed investigation of the nature and the type of this process
it was found to be of the type of still evaporation which is going on at rather low
temperature, and would, as far as the earlier stages are comcerned, conform to a
so-called differential distillation at Tow pressures which is governed by Rayleigh’s
equation.

In the latter stages of this process, evaporation would take place from more
and more concentrated solulion, which ultimately becomes almost saturated. The
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{Columns 1 and 2 are taken from the

1 2 3 4
Brine cone, | Volume on AHO ZAH0
im °Bé at | evaporation | evaporated | evaporated

21° C. in litres in litres in litres

3.50 100-00
. 4670 46470

7:10 53-30
21.70 68.40

350 31-60
N 7.10 75450

*14.00 2450
5+50- 81-00

*16:75 19:00
455 85.55

20-80 1445
1-38 8690

29.00 13-10
1.90 88.80

12500 11-20
1.70 90.50

126.25 9-50
3-10 93-60

27-00 640
2:50 9610

28+50 3-90
0-88 96-98

30-20 3.02
0-72 97.70

3240 2+30
0-68 98-38

35-00 1.-62

Concentration and Evaporation Data of Solar Evap
Report of the Salt Experts Commil

|
|

TABLE 1

oration of Sea water Mediterranean)
ttee, Government of India, New Delhi, 1950, Page 18).

5 6 l 7 8 9 10
tume |
A | RO 4y e o | 2amo Average
pin = R O Ve R
stages in litres |
23.35 2335 3-8 13-0 13.0 5.3
34.20 5761 44 4.04 9.77 9.3
37,75 T8 2.5 L2 7.18 1275
40.50 825 | 2-75 2:00 611 15-375
42.75 s2is | 385 1.1 5-00 18-675
43.45 86+225 11 140 0-965 470 21-3
4440 87-85 ‘ 300 0-632 413 235
45:25 s-60 | 125, Las 3.08 25625
4618 9205 0T i 414 3.99 26.625
48.05 ZUA 1-50 1.667 385 27-75
48.48 96.54 L0 | 02 3-63 29-85
48.85 97-34 ; 2.20 bog.3er 3-38 31-3
49.19 98.04 260 0.6 3.12 33.7

* Precipitation of CaCO, and CaS0,.2H,0 starts.
+ Precipitation of NaCl starts,
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DIFFERENTIAL AND ACCUMULATIVE EVAPORATION OF SEA-WATER
DURING THE MARINE SALT PRODUCTION PROCESS.
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Tasre 11

Composition of Bitterns from Mithapur, India
Density = 29-5° Bé, equivalent to 1-255 specific weight at 25° C.,

Percentage Percentage
Constituent by weight by weight
(of Bitterns) (of dry residue)

NaCl .. 7-52 27-4

KCl .. 1-92 - 7-0
MgCl, L. 15019 55-2
MgSO, . 2-80 10-4

TotaL .. 27-43 100-0
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FIGURE 2. —* VOL %~H;0 FROM BRINE

DIFFERENTIAL EVAPORATION OF SEA-WATER DURING .
THE MARINE SALT PRODUCTION PROCESS.

An example caleulation of the evaporation ratio for * Bitterns” of 29-5° Bé
gives the value as follows i
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100 litres of sea~water of density [-027 contains approvmately 337 ke
fixed residue, and hence 102-7 347 99-23 kg, of pure wader, o B8 heroy
of sea-water are evaporated approximately ta 2 litres off Biterns of spociiw
weight 1-255 in the marine salt production process. Phon 2 dres oonban
0-69 kg. of fixed residue, and hence, contains 2-51 (a8 Fes2 by, of pure
water, including the crystal water in different salts of Buiterne. Foapartinm
ratio, therefore, is

I sesi

® 1
T e

Thercefore, out of 100 Htres sea-water 99-23- (-8 9731 kg water ars
evaporated by the action of solar heat. For this, 53,600 heul, are tegairad. The
evaporation of the remaining water in the Bitterns witl require 7 0 ey
another 1,140 keal. Hence about 98 per cent. of heat energy has been anpphead
by solar energy and consequently invested in the Bitterns.

3. SEPARATION OF WATER FROM SALIS of Biitrsss

(@) Separatipn by Crysrallization. - After the first stage of disnllatinnin vature,
it was necessary lo separate the water part of Bitterns from aiv oo ot
different salts. This could be achieved either by distillution or by v
The latter method was only tried tentatively and wus not found very stable for
arriving at quick results--as, a temperature below 40 () b reguieed 1o precipis
tate a par: of the salt content, and scparation was not very effcetive, s most of
the salts crystallized with high crystal-water content, which woudd hive o be sepia-
rated again.

(b) Separation by Distillation.-. Scparation by distillation s foumd s be
more effcctive which resulted in about 53 per cent. recovery of dintitled water from
the Bitterns,

With the progress of distillation, more and more salt precipitees oul. which
interferes with the distillation and has, therefore, 0 bt removed from time o
time. Below 124° C., superheating and decomposition of salts could be wvnided.
However, at higher temperature at latter stages of distillation, J.comnoaiion of
chlorides takes place due to superheating, and the distillute becomues acidie.  Afer
the completion of distillation, still some more water is left in the sult cake ax crystal
water. To separate orystal water from the salt cake, the latier was dry distilicd
upto 400° C. in a separate operation, and the highly acidic water wus recoverad
as condensate, and kept separately. Water, thus sepurated by distillation. wus
acidic of pH =~ 3-5, and was further treated as follows

The distillate, made alkaline to pH - §-5 by addition of solid NuOH, was
again distilled. This distillation gave pure and neutral distilled water with very
little residue. In order to be absolutely safe, the second distillute was again dix-
tilled after alkalization and addition of permanganate, and in some cases such
distillation was repeated upto 4 or 5 times.
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sad vut w

Part of these distillations as deseribed here hase alvo hesn car
passing @ current of wir,
Typieal distillation duta of the type indicated abese gre shavn as follows

Weight of Bitterny for distilation Q@8 g,

Distitlate Rewidere
First fraction i em.® First Resndue Bh oy
Seeond fruction T em® Secomd Resudue oo
Third {raction O en Third Restiduy RECEN
Fourth fraction 908 em.?
Fifth fraction ol e ?
Total 4015 em.? fotai A1R-R g

Theretore Gramd Total RR0: 3 g,
Toss M7 g
and pereentage reconery of material 963 per cent,

In some cuses, when distifling on o urge seale for the reconery of Lige guans
tity of water. the very first distiliate feut {ructiony was sabpeind o frachonal de.
tillation.

(¢} Fractional Distiltution of Waier after SeparaZios: feeme 8teine Veater,
already obtained during the initial distillation for the reconery of farge ginanis
of water from Bitterns as the stacting material, was subjected s fuethior o000y
tions, and was fractionally distilled.  Further enrichnient of the beiey v 0
was carried out by this fractional distiflation,

Water separated from Bitterns after treatment an deseribed ot 360 was then
subjected to fractional distillation in packed columns of ditferent theorencal phaes
for investigations of further possible enrichment at normad tmpere oo and press
sure. Smuall-scale and large-scale fructionations have been curricd out g defer.
ent reflux ratios. All these fractional distillation operstions wire of bateh dsee
tillation type. A typical distillation arrangement is represented in b, 3 and
the typical data of such an operation are indicated bhelow: )

Packed Column height = 680 mm.
Packed Column inner diameter 30 mm.
Packing material: 4 mm. single turn helical gloss rings with o thiv
layer of Smm. porcelain Raschig ings on top,
Probable number of transfer
units at 60 cm./sec. 54 HLET.P.
Reflux Ratio 17: 1
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Volume taken for fractional dis-

tillation == 2000 cm.?
(from the first cut fraction of a large-scale distillation)
Total Time == 9 hours.
Temperature of Distillation == 97-7° C. at 682 -5 mm. Hg.
Distillate
First Fraction == 435 cm.®¥
Second Fraction == 760 cm.3®

Third Fraction == 305cm.?
Fourth Fraction = 485c¢m.?

(Residual)
Total = 1985 cm.?
Therefore, loss == 15cm.?

The fractions, thus separated, were collected for investigations in their D,O

Such samples which have been further enriched by fractional distillation

then been subjected to electrolysis and catalytic exchange as conventional
sess for further enrichment.”

(d) Dy,O-Content of Water from Bitterns, and of the Fractional Distillation
ducts of this Water—The D,O-content of water samples has been found out by
s spectrometric analysis which has ‘been carried out at Harwell.8 Table III
tains the D,O-content of the water after separation from the Bitterns.

Tasre NI

2,0-Concentration of water distillates from Bitterns, obtained by large-scale

distillation in Copper Still
Amount of Bitierns = 73 litres of 29-5° Bé at 25°C.
Total Distillate obtained = 43 -150 litres.

Volume Atom Dy0-content % D,0 % Volume % Volume
cm.? % D0 g Distribution Distribution z
20,080 0-0257 5- 1_606 57-42 46-3 46-3

13,260 0-0165 2-1879 24-35 30-7 77-0
9,360 0-0165 1-5444 17-19 21-7 98-7
450 0-0205 0-0926 1-04 1-3 100-0

T 43,150 89855 100-0 100-0

, Average < —2-;—-9—82 = 0-0208 mcl. per cent. DO (atom per cent. D equivalent to mol. per cent. D,O).

43-150

e
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It can be seen from the following caleulations, that the enr
found to be lower, as coleulated from Rayleigh's equation it 4 &
50° C. is assumed to be the average solar cvapordiosn 1o
40° C., the values are almost in complete apreement:

Wi hpnne is
it ot er,
tntead v

Rayleigh's equation :

W 1 Nl oxy) g
Mo, w1 AP IR
Where
W,  Original weight of water
W Final weight of water of Bitterns.
Xy Percentage of D in sea-wier,
x Percentage of D0 in Bitterns,
a Relative volatility of heavy water With respect fo light waier
(Ratio of vapour pressures)
At 40° C.
o - 00892
W, - 9923 kg. (Ref. Page 78}
W - 1-82 kg (Ref. Page T8}
xo - 0-0145 mol. per cent. DO (normal abundancr tgures
Therefore
x 0-0224 mol, per cent. D0 (as caleulated from the ubove ey
tion).
At 50° C.
' o - 0909
Wi, W, x, are same as before.
Therefore
x -0-0208 mol, per cent. DO (as caloulated from the shove wgqun
tion).

This value is in agreement with the average value 28 found fn Table 1

While values of spectrometric measurcments were used as worseet valucs,
investigations of our day-to-day work were carried out with the help of v.peciadly
suitable gravimetric method which, however, was found useful only ax o relative
method, and did not yield absolutely correct figures. This method, at prosent,
is undergoing further improvements.

in all fractional distiliations of batch type it was found that contrary to our
expectations, the first fractions always showed higher varichnent of D62 as asesr-
tained by mass spectrometric analysis, Table IV containg the results of 2 carse
fully carried out fractional distillation of a part of fraction number I {Ref, Table 1{}
of initial distillation.
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TaBLE IV
Enrichment af DyO-Content in distillate obrained from evaporation of Bitterns in Packed Column
of 680 mm. height, 30 mm. internal diameter, 4 mm. single-turn helical glass rings
as packing material
Reflux ratie . 17: 1. H.ET.P. =~ 54. Vcolume of Feed = 2000 crm. (First Batch)

Fraction Volume Atom D,0O-content % DO % Volume % Volume
cm.? % DO g Distribution Distribution X
435 0-0550 0-239 46-9 22-0 22-0
2 760 0-0162 0-123 24-1 38-3 603
3 305 0-0164 0-050 9-8 154 757
4 485 0-0202 0-098 19:2 24-3 100-0
(Residual)
ToraL .. 1985 0-510 100-0 100-0
Therefore, average == (—’-1’—?—81—(5—) = 0-0257mol. per cent. DO (atom percent. D equivalent te mol. per cent. D,0).
[TTT1 1]
0.08 FIGURE 4.
D-CONTENTS OF
0.07 WATER-FRACTIONS
FROM BITTERNS-WATER
o 0.06 — — EXAMPLE 1
& ——— EXAMPLE 2
x \
£ 0.05
g \
< A
0.04
0.03
0.02 N
—~ I
+
0.01 ! \ NATURAL D0
| CONCENTRATION
1
0.00 1

4] 1 20 30 40 50 6. 70 80 20 100
i VOLUME DISTILLATE
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Fig. 4 contains the plot of the 12,0-coateat fouad in dif?
scale initial separation distillation of water from Bitwrus durimg
fractions were obtained (Maniple 1), and of a caretully carmed o
tillation of a part of fraction Number | of the infus! distdiines {1 wmpie
shown in Table V).

From the values of the first fractions, ay indicated an Labdes TR
represented in Fig. 4, it is obvious, that the DyO-content wili merease,
the quantity collected as the lnitdal fraction. This phetomenon s un
investigation and cannot be explained properly wt presestc Ao the o
hatch operation, the only difference between inttial and {inal wtaz
tion consists in the presence of aie at the inital stage, which, wen
completely by the water vapours it might be possible thint sne b
tropic mixtuyre may exist between the components, hevy witer or ™
facilitates enrichment as long & this mixture i heing maintah mx
however, of this phenomenon is very obvious from Table IV as w
per cent. of the Hiquid, nearty half of the hewvy water (o4 per vent
rated.

An attempt was made (o explain the above rewiss, o
tility :

relalive wonhs

- Prg

i
&gy (Hats
(e e ygs P

where,
Pryo

B " Rutio of vapour presstres of the two compagwnt, @t o pari.

cular temperature,
ymga, Yo o are the activity couvflivients,

At the poini of azeotropisni,

ugey grgey {,
ie.,
Vg .
Whige Rl
Also,
Yigo o X Puge .
yugs  Fmge  Xega Do 4
where, y terms represent composition in the vapour phase amd x terme
in the liguid phase, in mol. per cent.
Now, if

ooy oy <= 1, then more of DO will come out in Hrst fraction
in comparison
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X
Yogo  Xmgo

> 1

@ (ngoy (ngoy < 1
’ Yrgo  Xngo

Calculations :
(i) For large-scale &istillaﬁon:
Xogo == 0000208
Xmgo = 0-999792
For first fraction of fractional distillation,
Yrgo = 0000550

Yugo = 0999450
Therefore,

Yogo * Xmpo _ 0-000550 < 0-999792

e Toge 070955450 6-000208 = 2045

Hence,

85

©

a g0y oy << 1, f.¢., D0 should be more in this fraction in comparison.

(it} For Second fraction of fractional distillation
Yoo == 0-000162

Yugo == 0-999838
Therefore,

Pogo . Xmp  0-000162x0-999792

Yo - Foe | 0-099838 X 0-000208

=0-779.

Hence,

o ngoy mgoy 1, L.e., D,O should not be more in this fraction in

comparison.
(iii) For third fraction of fractional distillation,

Pup - Xigo _ 0-0001640-999792

=2 2 X 09992 __ .78,
Yoo - Xoge 0999836 % 0000208

Hence,

& g0y oy £ 1> i€, DO should not be morein this fraction in comparisorn.

(iv) For residual fraction of fractional distillation,

youp X 0-0002020-999792 o oo
Pigo - Xoge  0-999798 0000208 :

Hence

@ gigoy mgoy <1, i-e., D30 should not be more in this fraction in comparison.
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With reference to Tahle IV, the value of DyO-content 2 1l rewde
of the first buteh 18 00202 mal. por cent 12,03, Resjdual fructions
alse yielded similur vabues,

At this stage, it is worthwhile pointing out that, stmder e
water, as in Bitterns, muy be found in such waters of luhes which de up e
ably, as inn the water of the Dead Sea. in hot springe, i selianw watves,
in residuad fiquors of some processes, egf. Ispeat Sigusrs
mines.  All these potential sources. therefore, reguire more @img pnesiy
for heavy water conlent,

The authors wish to ackoowledge thair thinks to Messrs tata Chepeads Lid.,
Mithapur, for supplying Bitterns in this investigation and fo Dy B3 Biabbe,
Seeretary, Atomic Pnergy Department. Government of fodia, susd 095 G M
Palmer, British Atomic Energy Commisson, Huarwell, for thew bied bl )
spectrometric analysis of the samples.  Thanks are abo due o Ue G
New Delhi, Minstry of Industry and Commerer, Guovernn
discussion of the marine salt process, and to Prof. M, S,
of the Indian Institute of Science, Bangalore, for his o

in the work.
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